Introduction
The origin of the continental crust is one of the most important aspects of the evolution of the Earth as a planet and it has attracted much attention of geologists for many decades. Models of the formation and evolution of the continental crust are based on assumptions on its average composition, structure and age relationships. Particularly difficult problems concern the nature of the lower continental crust. Our knowledge of the lower crust mainly comes from: 1) deep-crustal xenoliths transported upwards by ascending magmas, 2) very high-grade metamorphic rocks (e.g. granulites) tectonically exhumed to the Earth's surface, and 3) granites, largely produced by partial melting at lower crustal depths (e.g. Kemp and Hawkesworth 2005) .
The recently increasing amount of data obtained by various research methods provides new insights into sible inheritance from crustal protoliths (e.g., Friedl et al. 2000) .
By virtue of the abundance of granitoid rocks emplaced over a several hundred My time span, the European Variscan Belt offers a good place for such studies. At its north-eastern exposed edge, the Polish Sudetes, three generations of granitoids have been documented in the Karkonosze-Izera Massif of the west Sudetes and in the Strzelin Massif of the east Sudetes (Fig. 1) .
The aim of this study is to compare the geochemistry of these three generations in the Strzelin Massif, in order to draw inferences on their sources and their possible relationships. This is based on published (granites) and partly published (tonalites) geochemical and isotopic characteristics, which are compared with unpublished data from to the neighboring Neoproterozoic and early Paleozoic metagranitoids. The whole-rock geochemical and Nd isotopic pieces of evidence on the mutual relationships of the three generations of granitoids are completed by published U-Pb ages of inherited zircon cores that provide further information on the source regions of the parental granitic magmas.
Geological setting
Outside the Alpine realm, the crystalline basement units of the Variscan Belt of Europe (Suess 1888 ) crop out in isolated massifs from the Iberian Meseta in Portugal and Spain, through the Armorican Massif and Massif Central in France, the Vosges and Black Forest in France and Germany, to the Bohemian Massif in the east (Fig. 1a) .
The Bohemian Massif comprises the Moldanubian, Saxo-Thuringian (Kossmat 1927) and Teplá-Barrandian (Franke 1989) zones, interpreted as terranes (Matte et al. 1990; Franke and Żelaźniewicz 2000) of the Armorican Terrane Assemblage and the western margin of the Brunovistulicum (Dudek 1980) interpreted as a microcontinent (Pharaoh 1999; Schulmann and Gayer 2000) of Avalonian affinity Friedl et al. 2000) . Both parts adjoin along the NNE-SSWtrending Moldanubian overthrust (Suess 1912 (Suess , 1926 .
The Sudetes situated in the northeasternmost part of the Bohemian Massif (Fig. 1b) are bordered by the WNW-ESE-trending Elbe Fault Zone in the SW and the Middle Odra Fault Zone in the NE. They are subdivided into the mountainous Sudetic Block to the SW and the largely peneplained Fore-Sudetic Block to the NE, separated by the NW-SE-trending Sudetic Marginal Fault (Fig. 1c) . In a terrane perspective, the Sudetes can be subdivided into the West and Central Sudetes (Mazur et al. 2006) , which belong to the "Armorican" part of the Bohemian Massif, and the East Sudetes that are part of the Brunovistulicum.
Granitoids in the Sudetes
The Sudetes abound in granitoids (Fig. 1c) , which form three distinct age groups, spanning a c. 300 My interval: 1) Cadomian, 2) Early Ordovician and 3) Variscan.
(1) Granitoids of the first age group are represented by the 544 ± 4 Ma old Zawidów granodiorite (Białek et al. 2014) , which belongs to the Cadomian Lusatian Massif, and by the Neoproterozoic (602-568 Ma: Oberc-Dziedzic et al. 2003; Klimas 2008; Klimas et al. 2009; Mazur et al. 2010 ) Strzelin and Nowolesie gneisses of the Strzelin Massif (Figs 1c; 2) .
(2) The second age group includes metagranites (orthogneisses) of the Karkonosze-Izera Massif and the Orlica-Śnieżnik Dome, which are parts of the Sudetic Block, and by the Doboszowice gneisses and the pale Stachów gneisses which occur in the eastern part of the Fore-Sudetic Block. These granitoids were dated by various methods with ages spanning from Cambrian to Early Ordovician (515-480 Ma; e.g. Borkowska et al. 1980; Oliver et al. 1993; Turniak et al. 2000; Kröner et al. 2001; Oberc-Dziedzic et al. 2009 , 2010b Żelaźniewicz et al. 2009; Mazur et al. 2010) .
(3) The third group comprises all Variscan granitoids. The oldest among them, c. 350-330 Ma in age, occurring in the Central Sudetes are connected with shear zones (Oberc-Dziedzic et al. 2015a and references therein). They are represented by hornblende-bearing granodiorites, tonalites, diorites of the Niemcza Zone, Kłodzko-Złoty Stok Massif, and the Kudowa and Jawornik granites. Similar granitoids, known only from boreholes, occur within the Middle Odra Fault Zone (Dörr et al. 2006; Oberc-Dziedzic et al. 1999 , 2015a .
In the West Sudetes, granitoids form two large bodies, namely, the Karkonosze and the Strzegom-Sobótka plutons, both younger than granitoids from the Central Sudetes. The two main rock-types of the Karkonosze Pluton were precisely dated by the ID-TIMS U-Pb zircon method at 312.5 ± 0.3 and 312.2 ± 0.3 Ma (Kryza et al. Fig. 1 2014a), while the previous SIMS (SHRIMP) zircon data scattered mainly between 322 and 302 Ma (Awdankiewicz et al. 2010; Kryza et al. 2012 Kryza et al. , 2014b Kusiak et al. 2009 Kusiak et al. , 2014 Machowiak and Armstrong 2007) , and the data obtained by the LA-ICP-MS method were 320-317 Ma (Žák et al. 2013) . The ages of the Strzegom-Sobótka granitoids are 305-295 Ma based on SHRIMP U-Pb zircon data (Turniak et al. 2014) .
W E S T S U D E T E S
Granitoids of the East Sudetes occur in the ForeSudetic Block. They form small intrusions of granites, tonalites and quartz diorites known from the Strzelin Massif and outcrops south of it, as well as from boreholes situated east of this massif. The granitoids were dated by various techniques between 324 ± 4 and 283 ± 8 Ma (Turniak et al. 2006; Pietranik and Waight 2008; Oberc-Dziedzic and Kryza 2012; Oberc-Dziedzic et al. 2010a , 2013a , 2015b . The relatively large Žulová Pluton, located south of the Strzelin Massif, belongs to the same generation (c. 292 Ma, LA-ICP-MS U-Pb zircon age; Laurent et al. 2014).
All three major age groups of granitoids occur in the westerly Karkonosze-Izera Massif, and the easterly Strzelin Massif (Fig. 1c) . However, their mutual relationships differ in both parts of Sudetes. In the West Sudetes, the Cadomian Zawidów granodiorites were intruded by the 500 Ma old Rumburk granite (Białek et al. 2014 and references therein) and the 500 Ma igneous protolith of the Izera orthogneisses. In turn, the Karkonosze granite intruded the Izera orthogneisses but not the Zawidów granodiorite. In the Strzelin Massif, the 500 Ma gneisses were thrust over the Neoproterozoic gneisses during Variscan tectonism. Subsequently, both the Neoproterozoic and Early Ordovician gneisses were intruded by the Variscan granitoids.
The Strzelin Massif
The Strzelin Massif (Fig. 2 ) comprises poorly exposed crystalline rocks in the eastern part of the Fore-Sudetic Block, about 40 km south of Wrocław (Fig. 1c) .
The Strzelin Massif is composed of two tectonic units separated by the Strzelin Thrust considered as a northern prolongation of the Moldanubian overthrust (ObercDziedzic and Madej 2002; Oberc-Dziedzic et al. 2005 , 2010a . The footwall of the Strzelin Thrust (the lower tectonic unit) is formed by the Strzelin Complex whereas the hanging wall (the upper tectonic unit) is composed of the Stachów Complex (Fig. 3) . The Strzelin Complex belongs to the (para-autochtonous) Brunovistulicum (Oberc-Dziedzic et al. 2003 , 2005 , whereas the overlying Stachów Complex can be correlated with the Moldanubian zone sensu Aleksandrowski and Mazur (2002) (Oberc-Dziedzic and Madej 2002; Oberc-Dziedzic et al. 2005 , 2010a , or possibly with the Saxothuringian Zone based on the presence of c. 500 Ma old orthogneisses that are commonly found in this zone (e.g. Oberc-Dziedzic et al. 2009 , 2010b Żelaźniewicz et al. 2009 ). The rocks of both complexes were metamorphosed and deformed during the Variscan Orogeny (Oberc 1966; Oberc-Dziedzic et al. 2010a ) and intruded by late-and post-tectonic granitoids.
Analytical techniques
The detailed petrographic descriptions of gneisses and the Variscan granitoids occurring in the Strzelin Massif were published in the articles by the above-cited authors, based on several hundreds of thin sections.
Fifty five samples were analysed for major and trace elements using the combined ICP-OES and ICP-MS techniques (Actlabs, Vancouver, Canada, code "4Lithores": http://www.actlabs.com). Among 55 analyses, 32 results are new (Tabs 1-3) and 23 have been published previously (Electronic supplementary material, ESM 1-4).
The published Rb-Sr results for the Strzelin granitoids (Oberc-Dziedzic et al. 1996) are presented as ESM 5.
Twenty-four samples have been analysed by C. Pin for Sm-Nd isotopes, following procedures described in detail by Pin and Santos Zalduegui (1997 Paolo (1981a, b) .
Among twenty four Sm-Nd isotope results, 13 analyses of gneisses are new (Tab. 4), while the rest have been published already (ESM 6; Oberc-Dziedzic et al. 2010a , 2013a , 2015b .
Petrography of the orthogneisses and granites of the Strzelin Massif

The gneisses of the Strzelin complex
The Strzelin orthogneisses ( F i g . 2 ) , w i t h 2 0 6 P b / 2 3 8 U SHRIMP zircon ages of 600 ± 7 and 568 ± 7 Ma (Oberc-Dziedzic et al. 2003) are light grey, fineand medium-grained rocks, with random, streaky, banded or pencil structure. Their characteristic feature is the presence of K-feldspar and plagioclase grains up to 1 cm in size. The matrix is composed of sericitized plagioclase, small grains of K-feldspar, lenticular aggregates of quartz grains and flakes of biotite and muscovite. The Strzelin gneisses contain amphibolite layers, up to several meters thick, parallel to the foliation of the gneisses. They probably represent Early Paleozoic mafic dykes of within-plate geochemical characteristics (Szczepański and Oberc-Dziedzic 1998) , cross-cutting the granitic protolith of the gneisses.
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Gneisses of the Stachów complex
The pale Stachów orthogneisses (sensu lato) are divided into three groups: (i) the pale Stachów gneisses -sensu stricto, which form several meters thick tabular bodies in the dark Stachów paragneisses, often with poorly defined boundaries; (ii) the Henryków gneisses (Madej 1999), and (iii) the Gościęcice gneisses (Oberc-Dziedzic and Madej 2002) , which both form large outcrops.
The pale Stachów gneisses (sensu stricto) are medium-or fine-grained rocks with streaky, lenticular or, less often, augen or banded texture. Augen of K-feldspar 1 to 2 cm long are rare. Layers and lenses composed of aggregates of quartz or aggregates of small grains of plagioclase and K-feldspar are surrounded by clusters of biotite and muscovite. Besides, two rare varieties have been observed, namely, fine-grained garnet-bearing gneisses and aplitic gneisses (Madej 2010) .
The Henryków gneisses are strongly deformed rocks. They show a banded texture and the presence of K-feldspar porphyroclasts. They are composed of quartz, albite, chlorite and muscovite (Madej 1999 (Madej , 2010 .
The Gościęcice gneisses are coarse-grained, porphyritic rocks. Their granodioritic protolith has been deformed into augen gneisses with characteristic bluish, eye-shaped microcline grains up to 2 cm in diameter, often surrounded by plagioclase rims. More deformed gneisses show augen-banded and banded texture (Oberc-Dziedzic and Madej 2002) .
Variscan granitoids in the Strzelin Massif
Based on 206 Pb/ 238 U SHRIMP zircon ages (ObercDziedzic et al. 2010a (ObercDziedzic et al. , 2013a (ObercDziedzic et al. , 2015b Oberc-Dziedzic and Kryza 2012) The first stage is documented by two small tonalite dykes (324 ± 4 Ma, Oberc-Dziedzic et al. 2010a) found in the borehole B1 (Bożnowice) (Fig. 2) . The Bożnowice tonalite is a medium-grained rock composed of plagioclase, hornblende and biotite.
The second stage is represented by the Bożnowice granodiorites from the southern part of the massif (306 ± 3 Ma, Oberc-Dziedzic et al. 2010a ) and by medium-grained granites from the Strzelin I and II quarries (303 ± 2 Ma, Oberc-Dziedzic et al. 2013a, b) (Fig. 2) . The Bożnowice granodiorite is a porphyritic rock, composed of quartz, perthitic microcline, plagioclase, parallel aligned plates of biotite and green hornblende. The medium-grained granite is a pale-grey rock composed of quartz, microcline, plagioclase and biotite. A faint lineation is defined by the alignment of feldspars and slightly elongated quartz aggregates.
The third stage corresponds to the most abundant granitoids, which have been further divided into three groups: 1) tonalites (II) and diorites (c. 295 Ma, ObercDziedzic et al. 2010a; Oberc-Dziedzic and Kryza 2012) ;
2) biotite-muscovite granites forming plutons (295 Ma) and dykes cutting through the tonalites and biotite granites; their ages (283-295 Ma) are (nearly) the same as those of the enclosing granitoids (Oberc-Dziedzic et al. 2015b );
3) fine-grained biotite granites from the Strzelin quarries (283 ± 8 Ma, Oberc-Dziedzic et al. 2013a) .
Tonalites II are fine-to medium-grained rocks. Medium-grained tonalites are composed of quartz, Oberc-Dziedzic et al. (2015) 4GT, 5GT ,9GT (Gęsiniec q. N50°45'19.5", E17°4'); KL 3 (N50°43'47.7", E17°5'55.8"); KC 1 (N50°43'34.6", E17°6'43.7"); GR 2 (N50°42'30.4", E17°7'10.8") plagioclase, hornblende, biotite, apatite, titanite and opaque minerals (Pietranik and Waight 2008; Pietranik et al. 2006 Pietranik et al. , 2011 Oberc-Dziedzic and Kryza 2012) . The fine-grained tonalites locally contain relics of clinopyroxene and titaniteplagioclase-quartz clusters (Oberc-Dziedzic et al. 2010a) .
Quartz diorites accompanying tonalites or forming separate, small intrusions are known from boreholes (e.g. GL 1, RG 2 - Fig. 2 ). These dark, medium-and finegrained rocks are composed of quartz, plagioclase, and grains or clusters of biotite and hornblende. Some quartz diorites contain relics of clinopyroxene or products of decomposition of pyroxene and hornblende. Textures and mineral composition of tonalites and diorites often vary inside the same magmatic body (Oberc-Dziedzic 2007; Pietranik and Waight 2008; Pietranik et al. 2006 Pietranik et al. , 2011 .
Fine-grained biotite-muscovite granites are composed of quartz, microcline, biotite, muscovite and some of them contain pinite (Oberc-Dziedzic and Pin 2000; Oberc-Dziedzic et al. 2015b ).
The fine-grained biotite granite is composed of quartz, plagioclase, perthitic microcline and biotite, partly chloritized. It displays a faint lineation defined by the alignment of biotite (Oberc-Dziedzic et al. 2013a, b) .
Whole-rock geochemistry
Major elements
The main types of orthogneisses and granitoids in the Strzelin Massif differ considerably in major-element composition (Tabs 1-3; ESM 1-4). The contents of SiO 2 increase (rounded data, the highest and lowest values have been excluded) from the tonalites (53-62 wt. %), through the Bożnowice granodiorite (68-70 %), the pale Stachów orthogneisses (68-72 %), the biotite granites (72-75 %), the Strzelin and Nowolesie gneisses (71-75 %), up to the biotite-muscovite granites (74-75 %).
The lowest contents of K 2 O (< 4.0 wt. %) are observed in the tonalites, and the highest (4.5-5.7 wt. %) in the biotite-muscovite granites and the pale Stachów orthogneisses. The 600 Ma gneisses (Strzelin and Nowolesie gneisses) differ from the rest of gneisses and granites by their higher contents of Na 2 O (usually more than 4.0 wt. %) and lower contents of CaO (in general < 1.0 wt. %). The poorest in Al 2 O 3 are the biotite and biotitemuscovite granites (12.8-13.8 wt. %). Orthogneisses of the Stachów Complex contain more Fe 2 O 3 , MgO, and TiO 2 than gneisses of the Strzelin Complex and the Variscan granitoids.
Based on the classification of Frost et al. (2001) , the tonalites, part of the Nowolesie gneisses and the granodiorites are magnesian whereas the Strzelin gneisses, part of the Nowolesie gneisses, the pale Stachów orthogneisses and the biotite and biotite-muscovite Variscan granites are ferroan (Fig. 4a) . The tonalites, the Strzelin gneisses as well as the biotite and biotite-muscovite granites are situated in the calc-alkalic field, or close to it, in the calcic and alkali-calcic fields. Three samples of the Nowolesie gneisses are alkali-calcic (Fig. 4b) . All the gneisses are peraluminous (Tabs 1-2; ESM 1-2). Granites are metaluminous to peraluminous (ESM 3), while tonalites are metaluminous (Tab. 3; ESM 4: Pietranik and Waight 2008).
Trace elements
The gneisses and granites of the Strzelin Massif differ from each other in Ba and Sr contents. The richest in Noteworthy is the strong Y depletion in the Strzelin gneisses (4-9.6 ppm; Oberc-Dziedzic et al. 2005 ) and, to a lesser extent, in the Nowolesie gneisses. In contrast, the Stachów orthogneisses have much higher Y concentrations (23-80 ppm; Tab. 2). The Bożnowice granodiorite departs from the rest of the Variscan samples by remarkably low contents of Y (3-4 ppm; ESM 3).
The average Th contents are the lowest in the Strzelin and Nowolesie gneisses (3-7 ppm), higher in the pale Stachów gneisses (13-22 ppm; Tab. 2; ESM 2). The biotite and biotite-muscovite granites contain 11-21 ppm of Th (ESM 3) and tonalites 3-15 ppm (Tab. 3; ESM 4).
The trace-element contents of the studied gneisses and the Variscan granitoids were normalized to the average bulk continental crust composition of Rudnick and Gao (2005) (Fig. 5, left) . Normalized abundances of many elements in the studied rocks (apart from cumulative Bożnowice granodiorites) are close to unity. Apart from the 600 Ma gneisses (the Strzelin and Nowolesie gneisses, Fig. 5a ) and the plagioclase-cumulative Bożnowice granodiorites (Fig. 5e ), all the samples show a negative Sr anomaly. More or less pronounced negative anomalies of Ti occur in all rocks but the tonalites, which have positive P anomaly (Fig. 5g) . In the other rocks the P anomaly is either negative, or poorly expressed.
The studied rocks from the Strzelin Massif show variable total REE contents (Tabs 1-3; ESM 1-4). Overall, low Σ REE occur in the Cadomian Strzelin and Nowolesie gneisses, the Early Ordovician garnet-bearing pale Stachów gneisses and the Variscan biotite-muscovite granites of dykes, irrespective of their ages.
On chondrite-normalized REE plots (Fig. 5, right) , all granitoids apart from the Variscan tonalites and Neoproterozoic Strzelin gneisses show elevated LREE segment, relatively flat HREE segment, and a strong negative Eu anomaly, a pattern typical of many felsic igneous rocks. Three types of patterns can be distinguished, based on the mutual fractionation of the light and heavy REE, expressed as the La N /Yb N ratio and the magnitude of the Eu/Eu* anomaly.
Type 1 is represented by the Strzelin gneisses and one sample of the Nowolesie gneiss, which show a pattern with strong and uniform fractionation from La to Lu (Fig.  5b) . The La N /Yb N ranges from 19 to 38, and both negative and positive Eu/Eu* (0.63-1.29) anomalies occur. The Nowolesie gneiss has more extreme characteristics, with La N /Yb N = 54 and Eu/Eu* = 1.72, respectively (Tab. 1; ESM 1).
Type 2 is characterized by two-sectional distribution pattern of the REE, i.e. more or less steeply dipping LREE section and a nearly flat or gently dipping HREE section. Diagrams of the Type 2 were further divided into subtype 2a and subtype 2b on the basis of the La N /Yb N ratio and the magnitude of the Eu/Eu* anomaly.
The subtype 2a includes tonalites and, possibly, the Nowolesie gneisses. It shows a strong LREE enrichment with La N > 100 (Fig. 5b, h ) and moderate fractionation of the LREE over the HREE, with La N /Yb N ranging from 8.2 to 16.8 in tonalites (Tab. 3; ESM 4). Some of the Nowolesie gneisses (Fig. 5b) have REE patterns nearly parallel to those of tonalites (Fig. 5h) , but their REE contents are much lower. Negative Eu anomalies occur in all samples of tonalites (Eu/Eu* = 0.62-0.82; Tab. 3; ESM 4) and in the Nowolesie gneisses (0.52-0.87; Tab. 1).
Subtype 2b includes the pale Stachów orthogneisses and the Variscan granites (Tab. 2; ESM 2-3; Fig. 5b, f) . The highest La N /Yb N ratios occur in the biotite granites (16 to 33), and they decrease in the biotite-muscovite granite from plutons (10 and 16), and especially in the biotite-muscovite granites from dykes (2.9 and 7.8).
Both types of biotite-muscovite granites show a slight tetrad effect (Fig. 5f ) (Irber 1999). In the Stachów pale orthogneisses, the La N /Yb N ratios range from 4.3 to 9.5. All the samples of group 2b are characterized by strongly negative Eu anomalies (Tab. 2; ESM 2-3).
Type 3 corresponds to the Bożnowice granodiorites (Fig. 5f ). They display distinct, steeply decreasing LREE and slightly increasing HREE branches, producing a saddle-shaped pattern. The La N /Yb N ratios are 8.8-9.5 (ESM 3). Apart from the overall depletion, the most significant feature is a pronounced positive anomaly expressed by very high values of Eu/Eu* (7.5-9.0) (Fig. 5f, ESM 3) .
Sr-nd isotopic data
Bearing in mind the potentially significant mobility of Rb and Sr during deformation and metamorphism, only samples from the post-tectonic Variscan granites have been previously analysed for Rb-Sr isotopes (Oberc-Dziedzic et al. 1996 , 2015b Oberc-Dziedzic and Pin 2000) . The 87 Sr/ 86 Sr i ratios, age-corrected for the respective emplacement ages, constrained by the U-Pb method on zircon, are listed in ESM 5. In general, relatively mildly radiogenic signatures are observed, specifically from 0.7065 147 Sm/ 144 Nd ratios, associated to a c. threefold depletion in LREE were measured in the biotite-muscovite granite dykes from the Strzelin I quarry, and ascribed to the prior fractionation of (a) LREE-enriched phase(s) (ObercDziedzic et al. 2013a ).
All the samples studied display age-corrected εNd i values which are distinctly negative (Tab. 4; ESM 6) indicative of source regions that were depleted in Sm with regard to Nd on a time-integrated basis. The lowest values (εNd 600 from -10.2 to -12.0) are found in the Neoproterozoic gneisses of the Strzelin Complex. Much higher, but still largely negative values occur in the c. 500 Ma pale Stachów orthogneisses (-4.9 < εNd 500 < -6.7). The sample of pale Stachów gneiss found as a xenolith in the Strzelin medium-grained biotite granite displays a εNd 500 value of -4.0, which might enlarge somewhat the -4.9 to -6.7 range, in so far as this did not undergo isotopic exchange with its less radiogenic (εNd 283 = -3.8) host rock (ESM 6).
Tonalites show εNd 300 values ranging from -2.8 to -4.3 (ESM 6; Pietranik and Waight 2008) . The biotite-muscovite granites from the Gębczyce and Górka Sobocka quarries have εNd 295 values of -4.5 and -4.8, respectively. The biotite-muscovite granites of dykes are even less radiogenic: εNd 283 -5.4 and -5.7 for dykes from the Strzelin I quarry, and -5.9 for a dyke in the biotite-muscovite granite from the Gęsiniec quarry (ESM 6). The Bożnowice granodiorite shows the lowest epsilon value (εNd 300 -7.7) among the Variscan granitoids from the Strzelin Massif.
The Depleted Mantle model ages (T Nd DM , DePaolo 1981a, b) used as a broad estimate of average crustal residence age for the source materials to the various granitoids, decrease systematically from the 600 Ma gneisses of the Strzelin Complex (1.69-1.86 Ga) through the pale Stachów orthogneisses (1.49-1.73 Ga) to 1.09-1. 1.49 D 68/1 (N50°43'56.5", E17°3'12.3); 210-50 (Gęsiniec q. N50°45'19.5", E17°4'); S 80 (N50°43'36.3", E17°7'1.4"); WL 2.11 (N50°40'46.8", E16°59'29.6"); SK 1 (N50°39'17.3", E17°2'52.1"); N 24 (N50o41'27.5'', E17o2'49.12''); WL 3.15 (N50°41'21.1", E16°58'50.7"); GD 10 (N50°46'30.1", E17°5'21.2''); 300 V1, 310C (Strzelin qs N50°46'41.1", E17°3'4.6"); WL 5.612 (N50°42'17.8". E16°57'53.9"); WL 6.11 (N50°43'23.4", E16°57'51.8"); HR 1. 13 (N50°38'41.9", E16°59'51.2") these model ages do not convey any direct geological significance, but simply reflect the relative abundance of old recycled continental crustal materials in the studied granitoids.
Inherited zircon cores
The three generations of granitoids contain zircons with inherited cores which can put constraints on the source material for granitoid magmas.
The (ObercDziedzic et al. 2003 ) and between c. 2060 and 1510 Ma (Klimas 2008 Klimas et al. 2009 ) or c. 1750 to 1200 (Mazur et al. 2010) in the Nowolesie gneiss from Skalice.
In the c. 500 Ma orthogneisses of the Stachów Complex (Oliver et al. 1993; Klimas 2008; Mazur et al. 2010) , inherited cores yield ages of 1.6-2.9 Ga ( 207 Pb/ 206 Pb ages) and c. 590 Ma ( 206 Pb/ 238 U age) (Mazur et al. 2010) . The presence of inherited zircon cores of Paleo-to Neoproterozoic 206 Pb/ 238 U ages of 1.91 Ga, 640 and 560 Ma was also mentioned by Klimas (2008) .
Zircons from the Variscan granitoids in the Strzelin Massif contain much less inherited cores than those from the orthogneisses. In the tonalites and the Strzelin medium-grained biotite granite, inherited cores are indeed conspicuously absent (Oberc-Dziedzic et al. 2010a , 2013a Oberc-Dziedzic and Kryza 2012) . In the other granitoids, i.e. the Bożnowice granodiorite, the Strzelin fine-grained biotite granite, biotite-muscovite granites of both plutons and dykes, inherited zircon cores occur, with ages fairly similar to those reported for the orthogneisses. Interestingly, in cases the zircon cores have the same ages as zircons from their country-rocks, e.g. the Stachów gneisses for the Strzelin fine-grained biotite granite, the Strzelin Complex gneisses for the Bożnowice granodiorite, and the biotite-muscovite granite dyke cutting the Gęsiniec tonalite, respectively.
Discussion of relations between three
groups of granitoids in the Strzelin Massif 7.1. The bearing of geochemical data 7.1.1. Trace and major elements
In the three age groups of granitoids, trace-element (including the REE) abundances are close to the bulk continental crust estimates (Rudnick and Gao 2005; Fig. 5, left) . Moreover, the trace-element data in all the granitoid groups display typical continental crustal features (high contents of K and Rb, LREE enrichment, pronounced negative anomalies in Eu and in HFSE). The Neoproterozoic Strzelin gneisses are peculiar in lacking Sr negative anomaly, and by a sodic character. Although their chondrite-normalized LREE patterns are steep (Fig. 5b) , they are also poorer in the most incompatible elements than the other granitoids and their HREE are fractionated in most cases, suggesting the persistence of residual garnet in their source. The tonalites also depart from the rest of granitoids, with a pronounced LREE enrichment associated with insignificantly negative Eu anomalies. Together with their lower SiO 2 and higher CaO, Fe 2 O 3 and MgO contents, these features indicate that different sources (i.e. mafic lower crust or mantle-derived magmas) were involved in their genesis.
The influence of the magma differentiation on the concentration of some trace elements is well visible in the aplitic variety of the pale Stachów orthogneisses, distinctly depleted in many elements (Tab. 2) but enriched in Y, thereby suggesting that the HREE behaved as incompatible elements throughout the igneous evolution. Similarly, the negative anomalies in Nb, Sr, P and Ti of the gneisses and granites may reflect fractionation of plagioclase, apatite, and Fe-Ti oxides during earlier stages of magma evolution. On the contrary, the pronounced positive Eu anomaly of the Bożnowice granodiorites (Eu/Eu* = 7.5-9.0: Fig. 5f ), indicates that this rock contains substantial amounts of cumulus feldspar, also clearly reflected by the high Sr and Ba, as well as a general depletion (by dilution) of all trivalent lanthanides (Oberc-Dziedzic et al. 2010a ). The contrasting chondritenormalized REE patterns (e.g. the Strzelin and Nowolesie gneisses, Fig. 5b ) may reflect various petrogenetic processes (e.g. different source compositions, more intense partial melting or less evolved fractionation).
Summing up, the trace-element data provide important arguments concerning the crustal affinity of three groups of granitoids of different age, and similarity of some petrogenetic processes, but they do not allow resolving their mutual relationships. aplitic samples. In this case, it is possible that crustal aqueous fluids carrying highly radiogenic Sr strongly contaminated the last volumes of residual melt left after extensive fractionation.
radiogenic isotopic ratios
The negative Nd epsilon values document a long-term enrichment of Nd over Sm in the source reservoirs. Geologically, this feature is interpreted to reflect the dominant role of geochemically evolved crustal components in the production of granitic magmas, generated from much older, LREE-enriched continental crust sources. Good example are the Bożnowice granodiorites which are REE-poor and show the lowest εNd 300 value (-7.7) found among the Variscan granitoids. Their parental magma would have been fairly sensitive to contamination by ancient crustal components with unradiogenic Nd isotope signature, such as the Neoproterozoic Strzelin gneisses (εNd 300 = -14 to -16).
The εNd i values of the fine-grained biotite granite and tonalites (ESM 6) are higher (less negative) than those from gneisses, granodiorites and the biotite-muscovite granites. This documents magma sources that were somewhat less enriched in LREE on a time-integrated basis, or that they were younger, or both. Possibly, this might reflect the involvement of a subordinate contribution of a mafic (mantle-derived) material at the time of magma generation.
Although the Depleted Mantle Nd model ages (T Nd DM , Tab. 4; ESM 6) used as a broad estimate of crustal residence age, do not convey any straightforward geological information, they emphasize the major role for recycling of preexisting continental crustal materials in the production of all the granitoids of the Strzelin Massif. This is valid irrespective of their age. However, there is also a general tendency of increasing εNd i values with decreasing age, which is accompanied by decreasing average crustal residence ages of the source materials of the particular groups of gneisses and granitoids of the Strzelin Massif. This shows that materials with higher time-integrated Sm/Nd ratios played an increasing role during the successive events of granitoid generation.
From a petrogenetic point of view, this observation might be interpreted to reflect successive partial melting episodes of a single crustal source which would become increasingly refractory as a result of successive extraction events of granitic melts. In this scenario, the crustal source would be stripped of its most fusible components during the first partial melting episode, with a concomitant increase of the Sm/Nd ratio in the residue. Accordingly, the subsequent fusion would involve a relatively more mafic and refractory source, thereby requiring a higher heat input to overcome the lower fertility. It would be probably associated with the advection of mantle magmas which may have also contributed to magma production through hybridization.
Alternatively, an isotopically zoned crustal segment composed of a pile of fertile materials could be envisioned, with an older more felsic lower part (e.g. sediments ultimately dominated by Eburnean, c. 2 Ga sources) overlain by a younger and/or more mafic (i.e. isotopically more juvenile) layer (e.g. Neoproterozoic arc-related lavas and pyroclastic rocks). This heterogeneous crust would have suffered successive partial melting episodes over the c. 300 My time span recorded in the Strzelin Massif.
The meaning of inherited zircon-core ages
The age patterns of inherited zircon cores provide important constraints for drawing inferences on possible relationships between the different granitoids. The inherited zircon-core ages from the Neoproterozoic Strzelin and Nowolesie gneisses fall between c. 2.0 and 1.2 Ga (Oberc-Dziedzic et al. 2003; Klimas 2008; Klimas et al. 2009; Mazur et al. 2010 ). This wide range of inherited ages indicates that several different zircon-bearing (that is, relatively felsic) crustal sources were ultimately involved in the production of the magmas parental to the Strzelin and Nowolesie orthogneisses (Oberc-Dziedzic et al. 2003) . This range further suggests a detrital sedimentary origin for the source rocks which were partially melted c. 600 Ma ago. Accordingly, it is probable that multiple recycling occurred during the evolution of these protoliths, thereby precluding any simple geological implications to be drawn. It is noticed that the inherited zircon cores age spectra from the Strzelin and Nowolesie gneisses resemble those considered as typical of Avalonia (Friedl et al. 2000) . The ages of inherited zircons from the Early Ordovician Stachów orthogneisses range between 1640 and 2910 Ma and c. 560-640 Ma (Klimas 2008; Mazur et al. 2010) , typical of Armorica (Friedl et al. 2000) and similar to those found in coeval orthogneisses of the Orlica-Śnieżnik Dome (Turniak et al. 2000; Kröner et al. 2001) or in the Karkonosze-Izera Massif (Kröner et al. 2001; Oberc-Dziedzic et al. 2009; Żelaźniewicz et al. 2009 ). These contrasting inherited zircon-core data from orthogneisses of the Stachów and Strzelin Complexes thus suggest that their protoliths originated from different sources, as also indicated by their contrasting Nd isotope signatures.
The Variscan granitoids contain much less inherited zircon cores than orthogneisses, either because their source materials contained less zircon, or because the parental magmas were not saturated in zircon due to their relatively Si-poor, metaluminous chemistry.
The similarity of the zircon-core ages in some Variscan granitoids of the Strzelin Massif, and in zircons from their gneissic country rocks may suggest a genetic relationship (e.g. the Bożnowice granodiorite and biotitemuscovite granites with the Neoproterozoic gneisses) but it could also merely imply that these ancient zircons are not inherited cores sensu stricto (that is, derived from the source and present in the granitic magma from its inception), but rather xenocrysts incorporated in the magma during its ascent and emplacement.
What do the Strzelin Massif granitoids
tell about the development of the local continental crust?
The geochemical and Nd isotope data point to the largely crustal origin of the three diachronous groups of granitoids in the Strzelin Massif. This conclusion is in agreement with a designation of the 600 Ma Strzelin and Nowolesie orthogneisses, the 500 Ma pale Stachów orthogneisses and the Variscan biotite-muscovite granites as S-type granitoids (Oberc-Dziedzic et al. 2005) . This is based on the lack of mafic enclaves and the broadly homogeneous and monotonous mineralogical composition of these rocks, with quartz, K-feldspar, relatively sodic plagioclase, primary muscovite (Oberc-Dziedzic et al. 2015b ) and biotite. The S-type character of the 600 Ma and 500 Ma gneisses and the Variscan biotite-muscovite granites is also documented by their peraluminous character, and the occurrence of several generations of inherited zircons. The metaluminous chemistry of biotite granites and the presence of the mafic microgranular enclaves in them (Lorenc 1984) , point to their I-type affinity. A similar affinity is shown by tonalites and diorites (Pietranik and Waight 2008; Pietranik et al. 2006 Pietranik et al. , 2011 Oberc-Dziedzic 2007) . The average contents of the major and trace elements in the three groups of granitoids of the Strzelin Massif exclude the possibility that the younger granitoids were formed by partial melting of the older ones. Such a scenario would suggest that the magma of three granitoids has evolved in a sequence reflecting increasing SiO 2 and diminishing contents of, for instance, Mg, Fe, which is at odds with the observations (Tabs 1-3 ; ESM 1-4).
Good arguments concerning relations between three groups of granitoids come from ages of inherited zircon cores. The different inherited-core age spectra exclude close relations between the c. 500 Ma pale Stachów orthogneisses and the c. 600 Ma Strzelin and Nowolesie gneisses, while similar inherited zircon ages in the 600 Ma gneisses and the Variscan granites might suggest that these two groups of granitoids were generated from common, or at least broadly similar source(s). However, a comparison of the εNd values of the c. 600 Ma old gneisses calculated as they were 300 Ma ago (εNd 300 from -14 to -16, Oberc-Dziedzic et al. 2015b ) and the εNd 300 values of the fine-grained biotite, biotite-muscovite granite and granodiorite (-3.8, -4.5 to -5.9 and -7.7 respectively) invalidates such a simple interpretation and reinforces the conclusion that these gneisses could have contributed only marginally, if at all, to the production of the Variscan granitoids (Oberc-Dziedzic et al. 2015b) . If the 600 Ma gneisses and the Variscan granites originated from a common lower crustal source, then a significant contribution of mantle-derived magmas is required to the production of the Variscan granitoids (Pietranik and Waight 2008; ).
Conclusions
1) In the Strzelin Massif, three groups of (meta-)granitoids occur: (i) the Neoproterozoic (c. 600 Ma) Strzelin and Nowolesie orthogneisses of the Strzelin Complex; (ii) the Early Ordovician (c. 500 Ma) orthogneisses of the Stachów Complex (the pale Stachów gneisses); (iii) the Variscan granitoids represented by the Boż-nowice granodiorite as well as the Strzelin mediumand fine-grained biotite granites, biotite-muscovite granites and tonalities-diorites. 2) The trace element data provide important arguments concerning the crustal affinity of three groups of granitoids of different age, and similarity of some petrogenetic processes, but they do not constrain their mutual relationships.
3) The contrasting εNd values of the 600 Ma gneisses and the Variscan granitoids clearly document that the continental crust of the massif was enriched in isotopically more juvenile, mantle-derived material during Carboniferous. 4) The general tendency of increasing εNd i values with decreasing geological age concurs with decreasing average crustal residence ages (T Nd DM ) of the individual groups of (meta-) granitoids in the Strzelin Massif. Although the 500 Ma gneisses are allochtonous in the massif, their εNd i values fit very well to the trend: the younger the granite, the less negative its εNd i value. 5) The differences in inherited zircon ages observed between the Early Ordovician gneisses of the allochtonous Stachów Complex (similar to the ages spectra found in coeval orthogneisses from the West Sudetes, and believed to be of Armorica type), and the Neoproterozoic gneisses of the para-autochtonous Strzelin Complex (considered as typical of Avalonia), suggest that they did not have a common ancestry.
